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Abstract—A millimeter-wave planar resonator sensor for 
the detection of deformation and crack in metal device with 
high precision and sensitivity is presented in this paper. 
The deformation and crack directly imply great damage in 
the industrial metal structures, which made the detection 
crucial in structural health monitoring (SHM). The main 
structure of the proposed sensor is based on the concept 
of multi-band electromagnetic induced transparency (EIT) 
effect. EIT effect is an interference quantum phenomenon 
which can be realized in microwave band by 
electromagnetic resonate structures. Multi-band EIT is 
actualized using serious of split-ring-resonators (SRR) 
coupling with each other to produce one wide stop band 
and four narrow pass band. The resonance frequencies of 
the SRRs are effected by variation of coupling amount 
between the SRRs and the part of metal device under test 
(DUT) that places close to the specific SRR. The orientation 
of metal deformation and crack is achieved by different 
frequency shifts of the four independent group delay peaks 
induced by multi-band EIT. Thus, the proposed sensor can 
orientate the deformation on the metal device with the 
precision of 1.3MHz/um.  
 
Index Terms—Electromagnetic induced transparency, 
metal deformation sensor, metal crack sensor, split ring 
resonator. 
I. INTRODUCTION 
TRUCTURAL health monitoring is a hot topic in aerospace, 
civil infrastructure, industrial production and other fields. 
At present, some engineering structures crack or deform due to 
overload or extreme environment, causing catastrophic disaster. 
For safety, these structures need to be regularly monitored for 
potential safety hazards. However, manual detection is very 
difficult, and requires significant costs in time and resources. 
There are many kinds of detection methods at present, such as 
fiber Bragg grating sensor technology [1], electroluminescent 
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strain sensor technology [2] and image-based crack detection 
particle filter technology [3]. However, most of the existing 
methods have relatively high costs and need to be closely 
attached to the surface of the structure or embedded in the 
structure [4], which may cause certain influence on the 
structure. 
Noncontact and nondestructive sensing capability, 
multifunction, high precision, high sensitivity, and good 
penetration are some of the advantages that millimeter-wave 
sensors possess [5]. Recently, they are widely used in plenty of 
industrial applications, such as localization [6-8], gesture 
recognition [9], pipeline coating breaches detection [10-11] and 
metal crack characterization [12]. Metal components and 
containers are wildly used in industrial procedure. The health of 
metal structure is important. So, the detection of the 
deformation and crack of the metal structure is very important. 
The sensor proposed in this paper can provide high precision 
orientation. 
Although the implementation of the structures and the 
application scenarios vary, sensors work based on the shift of 
electrical parameters such as amplitude, phase and frequency. 
Group delay is a crucial parameter that relates to sensitivity and 
has been applied in fiber sensing and integrated optical 
refractometric sensing [13-15]. The pros of group-delay-based 
sensors consist of ultrahigh sensitivity and the ability of 
operating in time domain. Nair et al. designed a RFID humidity 
sensor using C-sections for group delay peak producing, the 
sensing is achieved by depositing the nanowires on the 
C-sections [16]. 
In this paper, the concept of Electromagnetic induced 
transparency (EIT) is adopted for the design of 
group-delay-based sensor. EIT effect is a destructive quantum 
interference effect that refers to the formation of a transmission 
window inside the absorption band of a three-level atomic 
media. It has been found out that many microwave resonant 
coupling structures can be configured to EIT-like effect [17- 
20]. EIT-like effect can be obtained by one resonator called 
“bright” which supports a broad adsorbing band and another 
resonator called “dark” that supports a narrow resonance 
coupling with each other. Generally, the bright mode exhibits a 
strong coupling to the radiation field, whereas the dark mode is 
excited by its coupling to the bright mode [21]. It can also be 
evoked in a single fano resonator consisting of asymmetric 
resonance structure [22]. These EIT-like structures can produce 
large group delay and high quality factor. 
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(b) 
Fig. 1. Layout of the proposed multiband sensor. 
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(b) 
Fig. 2. Measurement, simulation and circuit model results of the 
multiband sensor. 
 
 
Table 1 The parameters of the lumped components 
 
Cd1=336.15 
fF 
Cd2=259.79 
fF 
LM1=267.85 
pH 
LM2=25.39 
pH 
CP1=0.01  
fF 
CP2=0.1056 
fF 
LP1=616.66 
nH 
LP2=211.23 
nH 
RP1=26.49 
mOhm 
RP2=2.35 
Ohm 
CS1=1.09 
 fF 
LS1=19.17 
nH 
L’S1=5.91  
nH 
RS1=5 
Ohm 
CS2=0.73  
fF 
LS2=30.08  
nH 
L’S2=4.29  
nH 
RS2=10 
Ohm 
CS3=1.363 
fF 
LS3=14.48 
nH 
L’S3=1.44  
nH 
RS3=10 
Ohm 
CS4=0.958  
fF 
LS4=24.83 
nH 
L’S4=10  
pH 
RS4=10 
Ohm 
K1=0.36 K2=0.06 K3=0.54 K4=0.01 
K5=0.65 K6=0.11 K7=0.29 K8=0.05  
 
Table 2 The contrast of the transmission coefficient and the group delay  
 
 Peak 1 Peak 2 Peak 3 Peak 4 
The QL value of 
transmission coefficient 
177.4 219.8 209.8 202.5 
The QL value of  
group delay 
399.1 412.1 479.3 491.8 
* loaded quality factor (QL)=f0/(f2-f1), where f0 is resonant frequency, f1 
and f2 is the frequency that amplitude decreases to 0.707 times. 
 
 
Fig. 3. Current distribution of the proposed sensor at 31.2GHz, 32.2GHz, 
33.1GHz, 33.9GHz. 
 
The features of structures with EIT-like effect can be used 
for the manufacturing of high-performance sensors. A 
polarization-independent metamaterial EIT sensor based on 
split ring resonators (SRRs) and spiral resonators (SRs) was 
proposed by Meng et al. for refractive index sensing with a 
sensitivity of 77.25 mm/RIU (Refract Index Unit) [23]. Lin et 
al. adopted fano resonance to an asymmetric periodical 
structure for compact double-functioning sensor excogitation 
[24]. Microstrip resonant coupling structures can also be 
devoted to engender EIT-like effect, which is more convenient 
for the integration as compared to periodical arrays. A 
straight-forward microstrip line structure is used to analog 
EIT-like effect with a sensitivity of 14.2mm/RIU [25], but the 
sensing is realized by the geometrical parameters variation of 
the SRRs. 
In this paper, four SRRs with contiguous but independent 
resonate frequency as four bright mode resonator couple with 
two open stubs with the same dimension as one dark mode 
resonator. Each SRR couples with the metal DUT have 
different frequency response. SRRs have weak coupling with 
each other, with all of the four frequency response, the position 
of the crack and deformation can be defined with high 
precision. 
The contributions of this paper are: 1) The sensing method 
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based on group delay using EIT-like effect is proposed with 
higher sensitivity; 2) The prototype of the sensor with dual 
sensing functions of the deformation sensing and crack sensing 
are designed and fabricated, which is useful in the structural 
health monitoring and 3)The working frequency is suggested in 
millimeter band to further increase the sensitivity. 
II. EIT-LIKE STRUCTURE DESIGN 
The main sensing structure of the proposed sensor is based 
on multiband EIT-like effect. The open stub with a quarter 
wave length can be regarded as a “bright mode” resonator, 
which will generate a wide absorption band. The SRR with a 
half wave length is termed as “dark mode” resonator. When an 
SRR couples with the main microstrip line and the bright mode 
resonator, a narrow transmission window will appear in the 
wide stopband. To realize multiband EIT-like effect, four SRRs 
with different resonate frequency are distributed in four 
quadrants separated by main transmission line and two 
symmetric open stubs, as depicted in Fig. 1(a). The equivalent 
circuit of the proposed structure is shown in Fig. 1(b). The 
equivalent circuit can be derived from the EIT-like structure 
with only one open stub and one SRR. The open stub is 
equivalent to series RLC resonator, and the SRR is equivalent 
to an RLC series resonator. The coupling matrix of the 
multiband structure is complex, but the resonant frequencies of 
the SRRs are relatively distinguishable. 
To further miniaturize the dimension of the proposed 
structure and reduce the influence of the different coupling 
length and distance between SRRs and the main transmission 
line as well as open stubs, two miniaturization methods are 
applied to open stubs and SRRs respectively. The open stub is 
shortened and separated at the tail. As for the SRR, its resonant 
frequency is influenced by the capacity value of the split and its 
resonate electric length. So, one conventional way of 
miniaturization is to add a cross finger capacitor at the crack of 
the ring [26]. The cross-finger capacitor has higher capacitive 
value than the capacitance that is produced by the gap of the 
SRR. So, the total size of the SRR is also reduced. The 
geometric parameters of the improved structure are shown in 
Fig. 1(a) as: wM = wS = 0.3 mm, wE = 0.15 mm, wC = wG = 0.1 
mm, lS = 1.24 mm, lC = 1.24 mm, lE = 0.5 mm, dM = dE = 0.2 mm, 
g1 = 0.08 mm, g2 = 0.12 mm, g3 = 0.16 mm, g4 = 0.2 mm. The 
structure is designed on Rogers 5880 substrate with the relative 
dielectric constant of 2.2 and the loss tangent of 0.0009. The 
thickness of the substrate is 0.254 mm. 
The structure with slight modification to the substrate for 
measurement is simulated using high frequency 
electromagnetic simulation software ANSYS HFSS. The 
simulation and measured results are depicted in Fig. 2. The 
amplitude peak produced by simulation of each resonant 
frequency is the identical to the group delay peak. The current 
distribution of the four peaks (31.2GHz, 32.2GHz, 33.1GHz 
and 33.9GHz) is shown in Fig. 3. Each amplitude peak 
corresponds to one of the resonate frequency of the SRR. The 
SRR with larger capacitive value has lower resonant frequency. 
The simulated transmission peaks of the multiband sensor have 
different amplitude, which can be explained by the coupling 
matrix of the SRRs placed in different quadrants. Subsequently,  
 
Fig. 4. Fabricated sensor and measurement setup 
 
there is large transmission loss in the measurement caused by 
high frequency transmission loss (coaxial line and microstrip) 
and joint losses. As shown in the Fig. 2, the peaks of the group 
delay curve are sharper than the transmission curve. The 
contrast is listed in table 2. The quality factors of the group 
delay are larger than the transmission curve. Hence, group 
delay is a better sensing parameter than amplitude in the 
designed sensor. Here, the group delay sensing is refer to the 
shift frequency of group delay curve. 
III. THE SENSING CAPABILITY ANALYSIS 
If the substrate material and upper dielectric medium are all 
fixed, resonant frequency of the SRR is decided by three factors: 
the total length of the ring, the capacitive value of the gap, and 
the width of the microstrip. For the designed multiband sensor, 
if a metal DUT is placed on top of the whole structure, all of the 
resonant frequency will be influenced. This property of the 
sensor can be used to detect the situation of the metal structure 
part, such as the deformation and crack. 
A. Deformation Sensing 
The deformation of metal includes the change in its 
dimension and shape under presence external load and pressure. 
When the metal structure’s parts especially the metal containers 
that are full of toxic or high temperature substances start aging, 
the probability of metal deformation caused by external force 
increases. Such type of substance’s leakage might cause serious 
consequences. Therefore, it is crucial to detect the deformation 
position as soon as the aging of the metal structure parts starts 
and keep monitoring the deformation parts to determine the 
proper timing of maintenance and replacement. 
The proposed multiband EIT-like sensor can detect the small 
shape change of the metal structure parts. A metal test block 
with a dimension of 12×12×1 mm is designed. The microstrip 
sensing structure fabricated on a substrate with the test block is 
simulated using ANSYS HFSS. According to the simulation 
results, the DUT must be close to the upper surface of the 
sensor, but no contact. The sensor can detect the change in 
shape within 1 mm. In fact, when the distance is more than 0.7 
mm, no frequency shift is evident as compared to the sensor 
without the DUT. It has also been discovered that if the 
distances between the DUT and the SRRs are inconsistent, the 
frequency shift of each SRR is separated. Hence, the sensor can  
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Fig. 5. Measurement results of group delay variation with the distance of 
DUT and sensor changing 
 
detect the minute deformation in the area that the sensor 
structure covered. It implies that by utilizing further data 
processing techniques, the proposed sensor can precisely 
orientate the deformation.  
B. Crack Sensing 
The cracks usually appear on the load-bearing structure parts 
as compared to the deformation of the metal structure parts, 
which indicates a more intuitive potential of serious damage 
and fracture of the structure. Undetected cracks due to fatigue 
or corrosion on metallic structures may cause hazardous 
incidents and therefore jeopardize human safety. There are 
several methods to detect crack including: nondestructive 
testing and evaluation (NDT&E) techniques, e.g., liquid 
penetrant testing, ultrasonic testing, eddy current testing, 
thermography testing, and microwave waveguide testing. The 
sensor proposed in this paper uses millimeter wave signal with 
a simple structure and possesses high sensitivity for its 
high-frequency characteristic. 
When the DUT with crack is placed in front of the sensor, the 
coupling between the metal and sensor is changed. If the crack 
is located on the area that includes at least one SRR, the 
equivalent capacitance as shown in Fig. 1(b) will changed, then 
the resonant frequency of this SRR is changed. The group delay 
peak shifting reflects the position of the crack. 
IV. EXPERIMENT SETUP AND RESULTS 
The designed sensor is fabricated and test by Agilent 
N5244A Vector Network Analyzer (PNA-X). Fig. 4 depicts the 
measurement setup of sensor with and without DUT. Four 
plastic screws are fixed outside the sensor structure area for the 
orientation of the metal under test. The size of the sensor 
structure is about 5×5 mm, and the center of the screws are on 
the vertex of the square with 8mm on each edge. The radius of 
the screw hole is 2 mm. Several precise metal gaskets with 3 
mm inner diameter and 5 mm outer diameter are used to change 
the distance between the sensor surface. The measured result is 
shown in Fig. 2. The measured transmission has lots of losses. 
These are caused by cable loss, joint loss and the transmission 
line loss because of high operating band, which is common in 
millimeter wave band. According to measured results, the 
group delay peaks are not decreased as much as compared to 
simulation except for slight frequency shift due to 
manufacturing fault. It is an added advantage of using group 
delay as sensing parameter. 
A. The Variation of The Distance 
As discussed and simulated in the previous section, the 
proper sensing distance between DUT and sensor is from 0.3 
mm – 0.7 mm. It is validated by measurement as well. When 
the distance is less than 0.3 mm, the value of the group delay 
peak will decrease rapidly. The thickness of the precise gaskets 
is 0.2 mm and 0.3 mm respectively. Different distances are 
actualized by the combination of these two kinds of gaskets. 
Thus, the precision of the distances is not good enough but the 
errors are not large enough impact the variation of the four 
group delay peaks along with the distance. The result of group 
delay variation with the distance is depicted in Fig. 5. It is 
obvious that every SRR has a shifting area. When the DUT is 
placed on the sensor as shown in Fig. 4, the resonance 
frequency of the SRRs is shifted towards the higher frequency. 
The resonance frequency of SRR4 is outside of the stopband. 
Therefore, both the resonance frequency and the value of the 
group delay are changed. But the variation tendency of SRR4’s 
group delay peak is similar to the other SRRs. 
The measurement results of group delay variation with the 
distance are similar to the simulation results. This feature could 
be used for the orientation of the sensor. The sensor can be 
fixed with the metal under test (MUT) at first as the entire 
frequency shift stays the same with the measured value to make 
sure the sensor is placed strictly parallel with the MUT. 
Subsequently, when the MUT started to age, any change of the 
group delay represents the deformation or cracks of the MUT. 
B. Flipping the Metal DUT 
When the metal deformed, there is inhomogeneity. The sensor 
can detect bulging process, and can further orientate the 
deformation part, by comparing the group delay with the 
standard balanced group delay. If the MUT is flipped to 
different direction, the equivalent capacitance between the 
MUT and the sensor changes as shown in Fig. 1(b), then the 
group delay result will be different. The measured results are 
depicted in Fig. 6. The reference group delay is chosen as 0.4 
mm flat distance. One side of the MUT uses the gaskets with 
0.2 mm thickness; the other side uses the gaskets with 0.6 mm 
thickness. As shown in Fig. 6(a), if the side close to SRR2 and 
SRR3 is 0.6 mm, consequently, the frequency of the group 
delay peak of SRR2 and SRR3 decreases. The same change can 
be observed in Fig. 6(b) and (d). In Fig.6(c), the frequency 
change of SRR3 is due to an unexpected resonance in the 
frequency band between SRR2 and SRR3. The unexpected 
resonance might be introduced because the MUT is flipped to 
the direction of the input signal port. The measured results 
prove that after the balance procedure introduced before, the 
deformation of the MUT will be easily displayed by the 
variation of the group delay. 
C. Crack Sensing  
The original metal crack usually has a width of 0.15 mm. To 
validate the crack sensing performance, a slot with a depth of  
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Fig. 6. Measurement results of group delay variation with the MUT 
flipping on different orientation. 
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Fig. 7. Measurement results of the peak frequencies variation with 
different width of the slot on the MUT 
 
0.2 mm is chamfered on the MUT with different position and 
direction. The width of the slot is tuned from 0.1 mm to 1.3 mm 
with the step of 0.1 mm, the measurement results are shown in 
Fig. 7. The distance between the MUT and the sensor is 0.4  
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Pipe joint
Crack
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Fig. 8 Two kinds of application (a) permanent installation, (b) scanning 
application 
 
mm. The white gap on the sensor area shows the position of the 
slot, and every figure shows the frequency variation of each 
SRR’s group delay peak with the slot width. It is clear that the 
responses are different. The gray dot lines are the frequency of 
the SRRs without any crack on the MUT. For example, in Fig. 
7(a), the slot is on SRR1 and SRR3, and the peak frequencies of 
which are under the gray line, while the frequencies of SRR2 
and SRR4 remain as straight lines with the gray line. Similar 
responses can be observed on the other figures. The sensitivity s 
of the crack sensor with the MUT is defined and calculated as: 
s =
𝑓𝑤𝑖 − 𝑓𝑤0
𝑤𝑖
                                         (1) 
where 𝑓𝑤0 refer to the frequency of the SRRs without any 
crack on the MUT, 𝑓𝑤𝑖 (i = 1, 2, 3,…, 13) refer to the frequency 
of the SRRs with crack on the MUT, and 𝑤𝑖 refer to the width 
of the slot. When the MUT is put on the sensor, the s can be 
calculated as s = 1.3MHz/um. 
D. Applications  
The sensor is sensitive to the lift-off between the sensor and 
the MUT. when the height of the MUT is changed, the 
frequency of the sensor will shift. Two kinds of application are 
suggested and shown in Fig.8, (a) permanent installation, (b) 
scanning application. In real application, the sensing steps are 
listed as follows: 
1) Install the MUT and sensor;  
2) Measure the first group of data, and take it as the 
calibration data; 
3) Measure the second group of data, and compared these 
two groups of data; 
4) According to the difference of these two groups of data, 
the information of crack or deformation can be obtained. 
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 In the industrial application, the fabrication tolerance is 0.01 
mm, and the fabrication tolerance will affect the frequencies of 
SRRs. In this work, the detection of the sensor uses the relative 
value, so the fabrication tolerance will not affect the sensing. 
V. CONCLUSION 
Based on previous work and the application of EIT-like 
effect, we proposed a group-delay-based sensor which can 
detect both the deformation and crack on the metal structure 
parts. The sensor has high precision and can further orientate 
the crack. The main structure of the proposed sensor is based on 
the concept of multi-band EIT effect. Multi-band EIT is 
actualized using serious of split-ring-resonators (SRR) 
coupling with each other to produce one wide stop band and 
four narrow pass band. The resonance frequencies of the SRRs 
are affected by the coupling amount variation between the 
SRRs and the part of metal device under test (DUT), which is 
placed close to the specific SRR. The orientation of metal 
deformation and crack is achieved by different frequency shifts 
of the four independent group delay peaks induced by 
multi-band EIT.  
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